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Abstract
Background  High levels of lactate are positively associated with prognosis and mortality in pulmonary hypertension 
(PH). Lactate dehydrogenase A (LDHA) is a key enzyme for the production of lactate. This study is undertaken to 
investigate the role and molecular mechanisms of lactate and LDHA in PH.

Methods  Lactate levels were measured by a lactate assay kit. LDHA expression and localization were detected by 
western blot and Immunofluorescence. Proliferation and migration were determined by CCK8, western blot, EdU 
assay and scratch-wound assay. The right heart catheterization and right heart ultrasound were measured to evaluate 
cardiopulmonary function.

Results  In vitro, we found that lactate promoted proliferation and migration of pulmonary artery smooth 
muscle cells (PASMCs) in an LDHA-dependent manner. In vivo, we found that LDHA knockdown reduced lactate 
overaccumulation in the lungs of mice exposed to hypoxia. Furthermore, LDHA knockdown ameliorated hypoxia-
induced vascular remodeling and right ventricular dysfunction. In addition, the activation of Akt signaling by hypoxia 
was suppressed by LDHA knockdown both in vivo and in vitro. The overexpression of Akt reversed the inhibitory 
effect of LDHA knockdown on proliferation in PASMCs under hypoxia. Finally, LDHA inhibitor attenuated vascular 
remodeling and right ventricular dysfunction in Sugen/hypoxia mouse PH model, Monocrotaline (MCT)-induced rat 
PH model and chronic hypoxia-induced mouse PH model.

Conclusions  Thus, LDHA-mediated lactate production promotes pulmonary vascular remodeling in PH by activating 
Akt signaling pathway, suggesting the potential role of LDHA in regulating the metabolic reprogramming and 
vascular remodeling in PH.
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Introduction
Pulmonary hypertension (PH) is a chronic fatal disease 
characterized by vascular remodeling and increased pul-
monary artery resistance, principally manifesting as the 
progressive proliferation of pulmonary artery smooth 
muscle cells (PASMCs) [1]. Current treatments can 
improve the symptoms and hemodynamic parameters of 
PH, but cannot reverse vascular remodeling and do not 
significantly reduce morbidity and mortality [2]. There-
fore, new methods to treat PH are urgently needed.

Metabolic disorders exist in the development of PH, 
and glycolysis, or the Warburg effect, is the key mecha-
nism for the development of PH [3]. This metabolic shift 
favors lactate formation [4]. Multiple studies have con-
firmed that there is significant glycolysis and excessive 
proliferation in PASMCs from PH patients or animal 
models [5, 6]. The latest research shows that hyperlactic 
acidemia is an independent predicting factor for mor-
tality in PH patients [7]. Previously, lactate was merely 
thought to be metabolic waste. However, an increasing 
number of studies have shown that lactate can also serve 
as a signaling molecule, participating in glucose metabo-
lism, fat synthesis and the post-translational modification 
of proteins [8–10]. Recent studies have shown that lac-
tate plays a key role in processes such as proliferation, cell 
cycle progression and apoptosis [11–13]. Although some 
studies have confirmed that some key enzymes in gly-
colysis promote both glycolysis and the proliferation of 
PASMCs, how glycolysis itself promotes the proliferation 
of PASMCs still requires further study.

Lactate dehydrogenase A (LDHA) is encoded by the 
LDHA gene and usually exists as a tetramer. LDHA con-
tains 332 amino acids and forms a double-leaf structure 
[14]. The main function of LDHA is to convert pyruvate 
to lactate and NADH to NAD+ [15]. LDHA is primarily 
located in the cytoplasm, but LDHA is also found in the 
mitochondria and nuclei. In the cytoplasm, LDHA plays 
a key role in glycolysis, whereas in the nucleus, LDHA 
functions as a single-stranded DNA-binding protein and 
may be involved in DNA replication and transcription 
[16]. Studies have shown that LDHA is highly expressed 
in a variety of tumors, promoting tumor cell proliferation 
and metastasis through the production of lactate [17, 18]. 
The latest research shows that LDHA plays an important 
role in cardiac hypertrophy, heart failure and myocardial 
damage [19–21]. More importantly, the levels of LDHA 
in the plasma of patients with PH were found to be sig-
nificantly increased, suggesting an association between 
LDHA and PH risk [22]. However, the effect of LDHA on 
the development of PH remains unclear.

In this study, we demonstrated that lactate levels and 
LDHA expression were increased in the lung tissue of 
mice with hypoxia-induced PH. Lactate promoted the 
proliferation and migration of PASMCs, and LDHA 

knockdown inhibited the proliferation and migration 
of PASMCs induced by hypoxia. The effects above may 
be achieved through the activation of Akt. More impor-
tantly, our data demonstrated that LDHA knockdown 
and LDHA inhibitors alleviated pulmonary artery pres-
sure and vascular remodeling in PH animal models. 
These results suggest that LDHA may be a new target for 
PH treatment.

Materials and methods
Animal models
C57BL/6J male mice (Age: 6–8 weeks; Weight: 20–25 g) 
and male Sprague-Dawley rats (190–200  g) were pur-
chased from Charles River (Beijing, China). To mini-
mize experimental variability, only male animals were 
chosen for the study. While women are generally more 
susceptible to PH than men, most animal studies have 
indicated that female sex and estrogen supplementation 
exert a protective effect against PH [23–25]. All experi-
mental animal procedures were performed in accordance 
with the Guide for the Care and Use of Laboratory Ani-
mals published by the US National Institutes of Health 
(NIH publication no. 85–23, revised 1996) and were 
approved by the Animal Care and Use Committee of the 
Third Military Medical University (Approval number: 
AMUWEC20201184).

We used the hypoxic PH mouse model to study the role 
of LDHA/lactate in PH. Mice were randomly exposed to 
normoxia (21% O2) or hypoxia (10% O2) for 4 weeks as 
previously described (n = 6) [26]. Briefly, the mice were 
housed in a chamber (AIPUINS, Hangzhou, China) with 
a mixture of oxygen and nitrogen. For the LDHA knock-
down studies (n = 6), mice were delivered with 1 × 1011 
genome copies of either AAV9-shLDHA or AAV9-NC 
(Shanghai Genechem Co., Ltd) via tail vein in a final solu-
tion of 100 µL 7 days before being exposure to normoxia 
or hypoxia. After 4 weeks of hypoxia, right heart cath-
eterization and echocardiography were performed, then 
mice were sacrificed for analysis.

We used hypoxic PH models (n = 6), Sugen/hypoxia 
(SuHx) PH models (n = 6) and Monocrotaline (MCT) PH 
models (n = 6) to study the therapeutic effect of LDHA 
inhibitor (GSK2837808A, 6 mg/kg/day, HY-N0643, Med-
ChemExpress, USA) on PH. Dosage of LDHA inhibitors 
was based on previous studies [27]. For SuHx PH mice 
model, mice were either injected with SU5416 (20 mg/kg, 
HY-10374, MedChemExpress, USA) or vehicle weekly 
by subcutaneous injection, exposed to hypoxia condi-
tions for 3 weeks (10% O2) and returned to normoxia 
(21% O2) for 2 weeks. Normoxic controls were kept 
in room air only (21% O2) for a total of 5 weeks. Mice 
were also randomly assigned to four different experi-
mental groups: (i) normoxia for 5 weeks, (ii) normoxia 
for 3 weeks + GSK2837808A/normoxia for 2 weeks, (iii) 
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SuHx for 3 weeks + normoxia for 2 weeks, (iv) SuHx for 3 
weeks + GSK2837808A/normoxia for 2 weeks. For MCT-
induced PH rat model, a single subcutaneous injection 
MCT (60  mg/kg, HY-N0750, MedChemExpress, USA) 
or sterile saline was given to male Sprague-Dawley rats to 
develop PH. Rats were also randomly assigned to four dif-
ferent experimental groups: (i) control for 3 weeks + saline 
for 2 weeks, (ii) control for 3 weeks + GSK2837808A for 
2 weeks, (iii) MCT for 3 weeks + saline for 2 weeks, (iv) 
MCT for 3 weeks + GSK2837808A for 2 weeks. At the end 
of the fifth week, right heart catheterization and echocar-
diography were performed, then mice or rats were sacri-
ficed for analysis.

Rodent echocardiography
Right ventricle functions of the PH models were assessed 
by functional rodent echocardiography according to the 
procedures described previously [28]. Briefly, animals 
were anesthetized by inhalation of isoflurane, and then 
cardiac function parameters were detected. Color Dop-
pler was used to record pulmonary blood flow at the 
level of the aortic valve in the short-axis view to measure 
pulmonary acceleration time (PAT) and pulmonary ejec-
tion time (PET). Tricuspid annular plane systolic excur-
sion (TAPSE) was measured by using two-dimensional 
M-mode echocardiography in the apical 4-chamber 
view to find the lateral tricuspid annulus of the free right 
ventricular (RV) wall. Right ventricular fractional area 
change (RVFAC) was measured at the level of the mid-
nipple through the parasternal short-axis view. Right 
ventricular free wall thickness (RVFWT) was measured 
at end-diastole in two-dimensional parasternal short-axis 
mitral valve level or in M-mode at the parasternal long-
axis RV outflow tract level.

Analysis of RVSP and Fulton index
Right ventricular systolic pressure (RVSP) was measured 
through the external carotid vein using a polyethylene-50 
catheter with a BL-420 S biological function experimen-
tal system (Chengdu Techman, China). Briefly, following 
abdominal anesthesia of mice/rats, a skin incision was 
made from the mandibles to sternum. Careful dissec-
tion was performed to expose the right jugular vein and 
trachea. Two pieces of suture were placed on top of the 
right jugular vein. The suture closest to the mandibles 
was tied to restrict blood flow to a tiny trickle, while 
the suture nearest to the sternum was loosely knotted 
around the vein. A hole was then created between the 
two sutures using micro-scissors, and the polyethylene 
catheter connected to the baroreceptor was inserted 
into the right ventricle. RVSP was continuously moni-
tored for 5–10 min. After RVSP measurement, mice were 
euthanized and blood, lungs, and hearts were collected. 
The RV, left ventricle (LV), and interventricular septum 

(S) were dissected and weighed. The RV/(LV + S) ratio, 
known as the Fulton index, was calculated as an indicator 
of right ventricular hypertrophy.

Hematoxylin-eosin (H&E) staining and Elastica Van Gieson 
(EVG) staining
Briefly, lung tissue samples were stored in 4% paraformal-
dehyde for 24  h, then embedded in paraffin, sectioned, 
placed on glass slides, dewaxing and re-hydrating with 
xylene and ethanol of different concentrations. For H&E 
staining, the sections were processed by the following 
steps: staining with hematoxylin (G1120, Solarbio) solu-
tion for 20 s, rinsing with running water for 5 min, soak-
ing in 1% acid alcohol for 5  s, and counterstaining with 
eosin Y solution (G1120, Solarbio) for 1  min. For EVG 
staining, the Collagen Fiber And Elastic Fiber Staining 
Kit (G1597, Solarbio) was applied. Briefly, the slides were 
stained with modified VG Staining Solution for 10 min, 
washed with distilled water for 10 s, stained with Vehoeff 
Working Solution for 5 min and washed with water, then 
subjected to Vehoeff Differentiation Solution for 30  s, 
until the elastic fibers were clear.

Immunofluorescence staining
The specific operation was described previously [29]. 
Briefly, lung tissues were fixed in 4% formaldehyde and 
permeabilized with 0.25% TritonX-100. Next, samples 
were blocked with Blocking Buffer (P0260, Beyotime) 
and washed 5 times with PBS. Lung tissue incubated with 
the corresponding primary antibodies ((1:100, α-SMA, 
ab21027, abcam); (1:100, LDHA, 3582, Cell Signaling 
Technology); (1:100, Ki67, 34330, Cell Signaling Technol-
ogy) overnight at 4 °C. Then, tissue sections were added 
with the appropriate fluorescence-conjugated secondary 
antibodies (SA00009-2, Proteintech; SA00003-1, Protein-
tech). Images were scanned with a confocal microscope 
(Olympus, Tokyo, Japan).

Cell culture and treatment
Mice pulmonary artery smooth muscle cells 
(mPASMCs, CP-M002, China) were provided by Pro-
cell Life Science&Technology Co.,Ltd. mPASMCs 
were cultured in Cell Medium (CM-M002, Procell Life 
Science&Technology Co.,Ltd, China) at 37  °C with 5% 
carbon dioxide. To investigate the effects of lactate on 
mPASMCs, cells were exposed to lactate (concentra-
tion gradient 0–20 mM, Sigma-Aldrich) for 24  h. To 
examine the effect of LDHA on mPASMCs under nor-
moxic or hypoxic conditions, mPASMCs were trans-
fected with LDHA siRNA (100 nM, sc-43893, Santa 
Cruz). To activate Akt signaling pathway, the Akt over-
expression plasmid (Shanghai Genechem Co., Ltd) 
was transfected into cells using Lipofectamine 3000 
(#L3000008, Invitrogen, United States) according to the 
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manufacturer’s instructions. Briefly, when mPASMCs 
reached a 70–80% confluent, 2500 ng plasmid, 200 µL 
Opti-MEM (#31985070, Thermo Fisher Scientific), 5 µL 
P3000 reagent, and 5 µL lipofectamine reagent were used 
to prepare the DNA-plasmid complexes. After a 15-min-
ute incubation, the complexes were directly added to the 
culture. After 24 h of transfection, the cells were placed 
in a hypoxia workstation with 2% O2 or a normal cell 
incubator with 21% O2 for another 24 h before conduct-
ing subsequent assays.

Cell proliferation, cell viability
Cell viability was measured by CCK8 assays. Briefly, 
mPASMCs were seeded in 96-well plates and treated as 
mentioned above. Then, cells were incubated with CCK8 
solution (C0037, Beyotime) for 2  h, and the OD value 
was measured using a microplate reader at 450 nm. Cell 
proliferation was determined by the EdU incorporation 
assay. In brief, after treatment described in the previous 
section, cells were cultured in the presence of EdU (10 
µM) for another 2  h and then staining using Click-iT™ 
EdU Cell Proliferation Kit (C0071S, Beyotime) according 
to the manufacturer’s instructions. Images were acquired 
by confocal microscope and quantified using Image J 
(NIH, Bethesda, MD).

Scratch test
Scratch test was performed as previously described [30]. 
Briefly, use a 100 µL pipette tip to draw regular “cross”-
shaped cell scars on each set of culture dishes and take 
photos. Observe and take pictures every 24  h. Migra-
tion was quantified as percent scratch area using Image 
J software.

Lactate measurement
The lactate levels in cell supernatants, serum or lung 
tissues were measured by a lactate assay kit (ab65330, 
abcam) according to the manufacturer’s instructions. 
For detection in cell samples, mPASMCs were cultured 
in 6-well plates and treated as described above, the cell 
supernatants were collected for subsequent measure-
ment. For detection in serum or lung tissues, samples 
were harvested from hypoxic PH models after 4 weeks of 
exposure to normoxia or hypoxia.

Cell supernatants or serum were deproteinized using a 
10 kD Spin column (ab93349, abcam) to eliminate high 
amount of proteins. Endogenous LDH enzymes in lung 
tissues were removed utilizing the Deproteinizing Sample 
Preparation Kit (ab204708, abcam). Following a 30-min-
ute incubation with the reaction mix, the OD value was 
assessed using a microplate reader at 570 nm.

Western blotting
Total proteins were isolated from the lung tissues or cells. 
20 mg of each lung specimen was lysed with RIPA buffer 
containing PMSF (Solarbio). Protein concentration was 
determined by BCA protein assay kit (Beyotime), and 
protein samples (20–30  µg/lane) were electrophoresed 
and transferred to nitrocellulose filters (Millipore Sigma). 
Image J was used to analyze the average gray value of 
each band. The primary antibodies in this study were 
as follows: anti-β-actin (1:500; SC-130657, Santa Cruz), 
anti-LDHA (1:1000; 3582, Cell Signaling Technology), 
anti-Akt (1:1000; 60203-2-Ig, Proteintech), anti-pAkt 
(1:1000; 80455-1-RR, Proteintech), anti-PCNA (1:1000; 
13110, Cell Signaling Technology), anti-Cyclin D1 (1:100; 
sc-8396, Santa Cruz).

Statistical analysis
All data were represented as mean ± SD. GraphPad Prism 
7.0 was used to perform the statistical analysis. Student’s 
unpaired t-test was used to compare two independent 
groups. In experiments comparing multiple time points, 
t-tests were used for each time point. A value of P < 0.05 
was considered significant.

Results
Hypoxia increased the levels of lactate and LDHA 
expression in the hypoxia-induced PH mouse model
In order to explore the role of lactate in PH, we con-
structed a hypoxic PH model. Hypoxia increased the 
RVSP (Fig. 1A1, A2) and the ratio of the right ventricle/
left ventricle plus septum (Fulton index) (Fig.  1B). In 
addition, hypoxia increased the lactate content in the 
plasma and lung tissue of the PH model (Fig. 1C). LDHA 
serves as the pivotal enzyme in lactate production. We 
found that hypoxia significantly increased the expression 
of LDHA in lung tissue (Fig. 1D1, D2), with notably high 
LDHA expression levels observed in PASMCs from the 
PH model (Fig.  1E). Since LDHA knockout is lethal in 
mice [31], we used AAV9-shLDHA to knockdown LDHA 
in vascular smooth muscle cells (Additional file 1: Figure 
S1). The results showed that lactate levels in plasma and 
lung tissue were significantly reduced by AAV9-shLDHA 
under hypoxia (Fig. 1F).

The results above indicate that LDHA promotes lactate 
production in a hypoxia-induced PH mouse model.

Lactate promoted the proliferation and migration of 
mPASMCs in an LDHA-dependent manner
The effects of lactate were then examined in vitro. The 
abnormal proliferation and migration of PASMCs are 
important mechanisms of vascular remodeling in PH [1]. 
Based on the lactate content in the mice with hypoxia-
induced PH, we set a lactate concentration gradient 
(0–20 mM). The results of the CCK8 assays (Fig. 2A) and 
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EdU staining (Fig.  2B1, B2) suggested that lactate could 
promote the proliferation of mPASMCs in a concentra-
tion-dependent manner. The protein levels of cyclin D1 
and PCNA in mPASMCs were upregulated by lactate 
(Fig.  2C). Furthermore, we found that lactate promoted 

mPASMCs migration (Fig.  2D1, D2). Interestingly, the 
increases in the lactate levels of mPASMCs superna-
tants exposed to hypoxia were downregulated by LDHA 
knockdown (Fig. 2E). In addition, the results of the CCK8 
assays (Fig. 2F) and EdU staining (Fig. 2G1, G2) showed 

Fig. 1  Hypoxia increased the levels of lactate and LDHA expression in hypoxia-induced PH mouse model. (A and B) The RVSP (A) and Fulton index (B) 
were determined in mice exposed to normoxia or hypoxia for 4 weeks. (C) Lactate levels in plasma and lung tissues were measured in mice exposed 
to either normoxia or hypoxia for 4 weeks. (D) Western blots (D1) and quantitative data (D2) of LDHA protein expression of lung tissue in experimental 
groups. (E) Representative images of mouse lung tissue sections were subjected to fluorescence staining of α-SMA (green) and LDHA (red) after 4 weeks 
of exposure to either normoxia or hypoxia. DAPI were utilized to stain cell nuclei (blue). (F) Lactate levels in mouse plasma and lung tissues of each group. 
Data were presented as Mean ± SD. n = 6, NS: no statistical signification, **p < 0.01
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Fig. 2 (See legend on next page.)

 



Page 7 of 17Wu et al. Journal of Translational Medicine          (2024) 22:738 

that the hyperproliferation of mPASMCs exposed to 
hypoxia was inhibited by LDHA knockdown. Further-
more, hypoxia promoted the migration of mPASMCs, 
but LDHA knockdown reversed this effect (Fig.  2H1, 
H2).

Taken together, the in vitro results suggest that lactate 
promotes the proliferation and migration of PASMCs in 
an LDHA-dependent manner under hypoxia.

LDHA knockdown reduced pulmonary artery pressure and 
improved pulmonary artery vascular remodeling
AAV9 vectors for LDHA knockdown were used to study 
the role of LDHA in PH. Our results showed that LDHA 
knockdown decreased RVSP (Fig.  3A1, 3A2) and Ful-
ton index (Fig.  3B). Furthermore, the parameters of the 
right ventricular function such as PAT/PET (Fig.  3C), 
TAPSE (Fig.  3D) and RVFAC% (Fig.  3E) were increased 
by LDHA knockdown in mice with hypoxic pulmonary 
hypertension. Right ventricular hypertrophy (Fig.  3F) 
and pulmonary arterial wall thickening (Fig.  3G1, G2) 
were attenuated by LDHA knockdown in mice exposed 
to hypoxia.

Taken together, these results suggest that LDHA con-
tributes to the development of pulmonary hypertension 
by promoting pulmonary artery vascular remodeling.

LDHA knockdown reduced the hyperproliferation of 
PASMCs in mice with hypoxia-induced pulmonary 
hypertension
PASMCs hyperproliferation is a central mechanism of 
vascular remodeling in PH [1]. Similar to the in vitro 
results, the findings revealed that hypoxia led to an 
increase in PCNA, cyclin D1 and p-Akt protein levels 
in lung tissue, as well as the fact that LDHA knockdown 
reverses this effect (Fig. 4A1-A4). The results of the Ki67 
staining showed that hypoxia-induced PASMCs hyperp-
roliferation was inhibited by LDHA knockdown in vivo 
(Fig. 4B1, B2).

Taken together, these data suggest that LDHA pro-
motes PASMCs hyperproliferation in mice exposed to 
hypoxia.

LDHA promoted the proliferation and migration of PASMCs 
exposed to hypoxia via Akt
Previous studies have shown that an LDHA deficiency 
impairs the Akt signaling pathway [32]. Consistent with 
the in vivo results, we demonstrated that the knock-
down of LDHA inactivated Akt signaling in mPASMCs 
exposed to hypoxia (Fig.  5A1-A3). An Akt overexpres-
sion plasmid was used to explore the underlying mecha-
nism. The results indicated that the inhibitory effect of 
LDHA knockdown on proliferation in hypoxia-induced 
mPASMCs was reversed by Akt (Fig. 5B1, B2). Further-
more, the results showed that the inhibitory effect of 
LDHA knockdown on proliferation (Fig.  5C1, C2) and 
migration (Fig. 5D1, D2) in hypoxia-induced mPASMCs 
was reversed by Akt.

Taken together, these results suggest that LDHA acti-
vates Akt signaling to promote hyperproliferation in 
PASMCs exposed to hypoxia.

The therapeutic effects of an LDHA inhibitor in Sugen/
hypoxia-induced pulmonary hypertension
We then selected an LDHA inhibitor in order to elucidate 
its potential therapeutic effects. As shown in Fig.  6A, 
mice were treated with Sugen/hypoxia for 3 weeks, fol-
lowed by an administration of the LDHA inhibitor 
under normoxia for 2 weeks. Our results showed that 
the LDHA inhibitor decreased RVSP (Fig.  6B1, B2) and 
Fulton index (Fig.  6C). Furthermore, TAPSE (Fig.  6D) 
was increased by the LDHA inhibitor. Right ventricu-
lar hypertrophy (Fig.  6E) and pulmonary arterial wall 
thickening (Fig.  6F1, F2) were attenuated by the LDHA 
inhibitor in mice exposed to Sugen/hypoxia. From a 
mechanistic perspective, the LDHA inhibitor reversed 
the increase in PCNA, cyclin D1 and p-Akt protein levels 
in this PH model (Fig. 6G1-G4).

In conclusion, the results above suggest that LDHA 
inhibitors have a therapeutic role in Sugen/hypoxia-
induced PH via inhibiting Akt signaling pathway.

(See figure on previous page.)
Fig. 2  Lactate promoted proliferation and migration of mPASMCs in an LDHA-dependent manner under hypoxia. (A) The effect on mPASMCs viability 
was assessed using the CCK-8 assay after treatment with lactate for 0, 24 and 48 h at various concentrations (0, 5, 10, and 20 mM). (B) The impact of 
lactate-induced mPASMC proliferation at different concentrations (0, 5, 10, and 20 mM) was evaluated following 24 h of lactate treatment using the EdU 
incorporation assay. Representative images (B1) and quantification (B2) of the EdU assay in mPASMCs were presented. (C) Representative images of 
Western blots and the combined quantitative data (below) show the expression of PCNA and Cyclin D1 in mPASMCs after treatment with lactate for 24 h 
at different concentrations (0, 5, 10, and 20 mM). (D) Representative images (D1) of the wound healing assay of mPASMCs in vitro and quantification (D2) 
of the wound healing assay of mPASMCs after treatment with lactate for 0, 24 and 48 h at different concentrations (0, 5, 10, and 20 mM). (E) Lactate levels 
in the cell supernatants of mPASMCs were measured for each group. (F) The viability of mPASMCs in each group was evaluated using the CCK-8 assay. (G) 
The impact of LDHA on mPASMCs proliferation under normoxia or hypoxia was evaluated using the EdU incorporation assay, as depicted in representa-
tive images (G1) and quantification (G2) of the EdU assay of mPASMCs. (H) The Effect of LDHA on mPASMCs migration was measured by wound healing 
assay under normoxia or hypoxia, shown in representative images (H1) and quantification data (H2). Data were presented as Mean ± SD. n = 4–6, NS: no 
statistical signification, **p < 0.01
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The therapeutic effects of an LDHA inhibitor in MCT-
induced pulmonary hypertension
Then, the effects of an LDHA inhibitor in MCT-induced 
PH were examined. As shown in Fig. 7A, rats were treated 
with MCT for 3 weeks, followed by administration of an 
LDHA inhibitor for 2 weeks. Our results showed that the 
LDHA inhibitor decreased RVSP (Fig. 7B1, B2) and Ful-
ton index (Fig. 7C). Furthermore, TAPSE was increased 
by the LDHA inhibitor (Fig.  7D). Right ventricular 

hypertrophy (Fig. 7E) and pulmonary arterial wall thick-
ening (Fig. 7F1, F2) were reduced by LDHA inhibition in 
rats treated with MCT. Mechanistically, the LDHA inhib-
itor also reversed the increase in PCNA, cyclin D1 and 
p-Akt protein levels in rat PH model (Fig. 7G1-G4).

In conclusion, the results above suggest that LDHA 
inhibitors have a therapeutic role in MCT-induced PH 
via inhibiting Akt signaling pathway.

Fig. 3  LDHA knockdown reduces pulmonary artery pressure and improves pulmonary artery vascular remodeling. (A and B) The RVSP (A1, A2) and 
Fulton index (B) were determined in experimental mice exposed to normoxia or hypoxia for 4 weeks. (C to F) Quantification of TAPSE (C), PAT/PET (D), 
RVFAC% (E), and RVFWT (F) was performed after 4 weeks of normoxia or hypoxia in experimental mice injected with AAV9-shLDHA or AAV9-NC via the 
tail vein. (G) Representative histological images of lung sections stained with H&E and Elastica van Gieson (EVG) in each experimental group (G1). The wall 
thickness of the pulmonary arteries was measured (G2). TAPSE, Tricuspid Annular Plane Systolic Excursion; PAT, Pulmonary Acceleration Time; PET, Pul-
monary Ejection Time. RVFAC, Right Ventricular Fractional Area Change. RVFWT, Right Ventricular Free Wall Thickness. Data were presented as Mean ± SD. 
n = 6, NS: no statistical signification, *p < 0.05, **p < 0.01
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The therapeutic effects of an LDHA inhibitor in chronic 
hypoxia-induced mouse pulmonary hypertension
Finally, we examined the potential therapeutic effects of 
an LDHA inhibitor on chronic hypoxia-induced mouse 
PH models. As depicted in Fig. 8A, mice were subjected 
to hypoxia for 4 weeks and treated with GSK2837808A 
throughout this period. Our results demonstrate that the 
LDHA inhibitor reduced RVSP (Fig. 8B1, B2) and Fulton 
index (Fig. 8C), while increasing TAPSE (Fig. 8D). Addi-
tionally, the LDHA inhibitor attenuated right ventricular 
hypertrophy (Fig. 8E) and pulmonary arterial wall thick-
ening (Fig. 8F1, F2) in mice exposed to chronic hypoxia.

In summary, these findings suggest that LDHA inhibi-
tors hold therapeutic potential for chronic hypoxia-
induced mouse PH.

Discussion
Vascular remodeling is a typical feature of PH, and gly-
colysis is an important mechanism that promotes the 
proliferation and migration of PASMCs [3]. However, the 

role and mechanism of lactate, an end product of glycoly-
sis, in vascular remodeling remains unclear. In this study, 
we investigated the role and mechanism of lactate in pul-
monary artery vascular remodeling. The principal find-
ings were as follows: (1) there was an increase in lactate 
levels and LDHA expression in the lung tissue of mice 
with hypoxic PH, and lactate promoted PASMC prolif-
eration and migration; (2) LDHA knockdown reduced 
the lactate levels in plasma and lung tissue and inhibited 
hypoxia-induced PASMCs proliferation and migration; 
(3) LDHA knockdown reduced pulmonary artery pres-
sure and improved right ventricle function by reducing 
vascular remodeling; (4) a possible mechanism could be 
that lactate activated Akt to promote PASMCs prolifer-
ation and migration; and (5) the LDHA inhibitor had a 
therapeutic effect in multiple PH models.

Increasing evidence emphasizes the important role 
of lactate in cardiovascular diseases [33–35]. The latest 
research indicates that lactate promotes the change in 
vascular smooth muscle cells to a synthetic phenotype 

Fig. 4  LDHA knockdown reduced hyperproliferation of PASMCs in mice with hypoxia-induced pulmonary hypertension. (A) Representative images of 
Western blots (A1) and the combined quantitative data show the expression of p-Akt, Akt (A2), PCNA (A3), Cyclin D1 (A4) of lung tissue in experimental 
groups. (B) Representative images (B1) of mouse lung tissue sections were subjected to fluorescence staining of α-SMA (green) and Ki67 (red) in ex-
perimental groups. DAPI were utilized to stain cell nuclei (blue). The percentage of Ki67 + cells in PASMCs was quantified (B2). Data were presented as 
Mean ± SD. n = 6, NS: no statistical signification, **p < 0.01
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Fig. 5  LDHA promoted proliferation and migration of mPASMCs exposed to hypoxia via Akt. (A) Representative images of Western blots (A1) and the 
combined quantitative data show the expression of p-Akt (A2) and Akt (A3) in mPASMCs. (B) Representative images of Western blots (B1) and the com-
bined quantitative data show the expression of p-Akt, LDHA, PCNA and Cyclin D1 (B2) in mPASMCs. (C) The effect of Akt on LDHA-mediated cell viability 
under hypoxia detected by EdU assay, shown in representative images (C1) and quantification data (C2). (D) Representative images (D1) of the wound 
healing assay of mPASMCs in vitro and quantification of the wound healing assay of mPASMCs (D2). Data were presented as Mean ± SD. n = 3–4, NS: no 
statistical signification, *p < 0.05, **p < 0.01
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Fig. 6  Therapeutic effects of LDHA inhibitors in hypoxia/Sugen-induced pulmonary hypertension. (A) Illustration of the animal protocols. (B to E) The 
RVSP (B1, B2), Fulton index (C), TAPSE (D) and RVFWT (E) were determined in experimental mice with or without GSK2837808A treatment. (F) Representa-
tive histological images of lung sections stained with H&E and EVG in each experimental group (F1). The wall thickness of the pulmonary arteries was 
measured (F2). (G) Representative images of Western blots (G1) and the combined quantitative data show the expression of p-Akt, Akt (G2), PCNA (G3), 
Cyclin D1 (G4) of lung tissue in experimental groups. Data were presented as Mean ± SD. n = 6, NS: no statistical signification, *p < 0.05, **p < 0.01
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Fig. 7  Therapeutic effects of LDHA inhibitor in MCT-induced pulmonary hypertension. (A) Illustration of the animal protocols. (B to E) The RVSP (B1, B1), 
Fulton index (C), TAPSE (D) and RVFWT (E) were determined in experimental rats with or without GSK2837808A treatment. (F) Representative histological 
images of lung sections stained with H&E and EVG in each experimental group (F1). The wall thickness of the pulmonary arteries was measured (F2). (G) 
Representative images of Western blots (G1) and the combined quantitative data show the expression of p-Akt, Akt (G2), PCNA (G3), Cyclin D1 (G4) of lung 
tissue in experimental groups. Data were presented as Mean ± SD. n = 6, NS: no statistical signification, *p < 0.05, **p < 0.01
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Fig. 8  Therapeutic effects of LDHA inhibitors in chronic hypoxia-induced mouse pulmonary hypertension. (A) Illustration of the animal protocols. (B to 
E) The RVSP (B1, B2), Fulton index (C), TAPSE (D) and RVFWT (E) were determined in experimental mice with or without GSK2837808A treatment. (F) Rep-
resentative histological images of lung sections stained with H&E and EVG in each experimental group (F1). The wall thickness of the pulmonary arteries 
was measured (F2). Data were presented as Mean ± SD. n = 6, NS: no statistical signification, *p < 0.05, **p < 0.01
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[36]. Furthermore, some evidence has also confirmed 
that lactate can promote the proliferation and metastasis 
of cancer cells [37]. Cancer and PH share many common 
pathological mechanisms [38]. This suggests that lactate 
may play an important role in PH. More importantly, 
the latest research indicates that hyperlactic acidemia is 
an independent predicting factor for the mortality of PH 
patients [7]. In this study, we found that lactate content in 
plasma and lung tissue were increased in mice exposed 
to hypoxia, and lactate promoted the proliferation and 
migration of PASMCs.

LDHA is a key metabolic enzyme that regulates lactate 
content in cells [39]. Similarly, LDHA plays an important 
role in a variety of cardiovascular diseases and tumors, 
being necessary for cell proliferation, growth and cell 
differentiation [40, 41]. This also indicates that the pro-
duction and biological functions of lactate are mostly 
dependent on LDHA. It has been reported that PASMCs 
in PH exhibit excessive proliferation and migration. Mul-
tiple studies have suggested that inhibiting the prolifera-
tion and migration of PASMCs has a protective effect 
against PH [42, 43]. We found that LDHA was highly 
expressed in the PASMCs of mice with PH. Knockdown 
of LDHA in PASMCs significantly reduced the lac-
tate content in plasma and lung tissue. Li Zhichao et al. 
showed that the lactate levels in the aorta and carotid 
arteries of mice with hypoxic PH did not significantly 
increase [44]. This also confirms that the lungs may be 
the main organs responsible for lactate production in 
mice with hypoxic PH and that lactate in the local micro-
environment of the pulmonary artery may play a key role 
in vascular remodeling.

Metabolic reprogramming is a new hallmark of PH 
development [45]. Previous studies have confirmed that 
glycolysis is observed in PASMCs from patients with PH 
and in animal models [3]. Glycolysis can regulate the 
proliferation and migration of PASMCs [46]. In MCT-
induced PH, PASMCs undergo glycolysis and promote 
vascular remodeling [46]; this indicates that glycolysis 
also exists in pulmonary artery smooth muscle cells in 
PH under normoxic conditions. Multiple studies have 
shown that key enzymes of glycolysis promote the pro-
liferation and migration of PASMCs by promoting a 
metabolic shift towards glycolysis [47, 48]. Inhibiting 
glycolysis can reverse vascular remodeling in PH and 
reduce pulmonary artery pressure [49]. Previous studies 
have also confirmed that the overexpression of LDHA 
promotes glycolysis in tumor cells [19]. In this study, we 
found that knockdown of LDHA or an LHDA inhibitor 
can reduce pulmonary artery pressure and improve right 
ventricular function by attenuating pulmonary artery 
vascular re-modeling.

Akt is a key regulator of multiple metabolic enzymes 
and signaling pathways [50]. The PI3K-Akt signaling 

pathway regulates PASMCs proliferation and pulmonary 
arterial remodeling in PH [51]. Nie X et al. discovered that 
an Akt inhibitor attenuated pulmonary vascular remodel-
ing in PH models [52]. In addition, previous studies have 
shown that lactate promotes tumor growth and metas-
tasis by activating Akt [53]. Furthermore, Akt activation 
has been shown to contribute to glycolysis [54]. How-
ever, some studies have shown that lactate inhibits the 
Akt activation of macrophages and T cells [55]. We sug-
gest that lactate may play different biological functions 
in different cells. Our results showed that Akt signaling 
activation was a potential pathway that mediated the 
role of LDHA/lactate in PASMC hyperproliferation. G 
protein-coupled receptor 81 (GPR81) serves as an endog-
enous receptor for lactate, and previous studies have 
shown that extracellular lactate can activate the PI3K-
Akt signaling pathway through GPR81 [56]. Our study 
has demonstrated that lactate activates the Akt signaling 
pathway to promote PASMCs proliferation. However, 
whether GPR81 acts as a lactate receptor and mediates 
this process was not investigated. This aspect merits fur-
ther exploration in future studies [57]. In addition, lac-
tate enters cells through Monocarboxylate transporter-1 
(MCT1) [58]. Research has shown that lactate can pro-
mote an increase in MCT1 expression, and MCT1 plays 
an important role in cancer cell proliferation and migra-
tion [59]. Recent evidence has shown that lactate plays an 
important role in the post-translational modification of 
proteins, and it has been reported that the modification 
of histones by lactate occurs in pulmonary artery smooth 
muscle cells in PH [60]. The latest reports indicate that 
intracellular lactate can directly regulate protein function 
to control cell cycles and proliferation [61]. Furthermore, 
Xin Cai et al. found that lactate can directly enter mito-
chondria and activate the respiratory chain to increase 
mitochondrial ATP production [62]. Recently, Sun et al. 
reported that lactate promotes lung fibrosis by increasing 
mitochondrial fission-derived ROS via the ERK/DRP1 
signaling pathway [63]. Additionally, the ERK1/2/DRP1 
signaling pathway has been shown to mediate HMGB1-
induced PH development [64]. These studies suggest that 
lactate may influence PASMCs proliferation through the 
ERK/DRP1 pathway and mitochondrial fission. There-
fore, the specific mechanism by which lactate promotes 
the proliferation of PASMCs deserves further study.

This study has certain limitations. First, to reduce 
experimental variability, only male animals were used 
to establish the PH model. Female animals should be 
included in future studies to ensure comprehensive eval-
uation. Second, there was a lack of conditional knockout 
mice with LDHA smooth muscle cells included in this 
study. Third, we did not investigate the specific mecha-
nism by which lactate activates Akt. Finally, we used a 
hypoxic mouse model to examine the impact of lactate 
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and LDHA on PH, further validation in hypoxia-induced 
rat PH models is necessary in future research. We remain 
committed to enhancing our understanding of lactate 
and its role in promoting vascular remodeling in PH in 
future investigations.

Conclusion
In summary, this study shows that high LDHA expression 
contributes to hypoxia-induced lactate production and 
promotes PH vascular remodeling and right ventricular 
remodeling. Activation of the Akt signaling pathway is 
regulated by LDHA/lactate and leads to a high prolifera-
tion phenotype of PASMCs. Inhibitors of LDHA can par-
tially reverse pulmonary arterial hypertension vascular 
remodeling and improve right heart function. This study 
provides a new molecular target for the development of 
new treatments for PH.
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